Introduction: The aim of this study was to analyze the time-dependent in-vitro behavior of the periodontal ligament (PDL) by determining the material parameters using specimens of porcine jawbone. Time-dependent material parameters to be determined were expected to complement the results from earlier biomechanical studies. Methods: Five mandibular deciduous porcine premolars were analyzed in a combined experimental-numeric study. After selecting suitable specimens (excluding root resorption) and preparing the measurement system, the specimens were deflected by a distance of 0.2 mm at loading times of 0.2, 0.5, 1, 2, 5, 10, and 60 seconds. The deflection of the teeth was determined via a laser optical system, and the resulting forces and torques were measured. To create the finite element models, a microcomputed tomography scanner was used to create 3-dimensional x-ray images of the samples. The individual structures (tooth, PDL, bone) of the jaw segments were reconstructed using a self-developed reconstruction program. A comparison between experiment and simulation was conducted using the results from finite element simulations. Via iterative parameter adjustments, the material parameters (Young's modulus and Poisson's ratio) of the PDL were assessed at different loading velocities. Results: The clinically observed effect of a distinct increase in force during very short periods of loading was confirmed. Thus, a force of 2.6 N (61.5 N) was measured at the shortest stress duration of 0.2 seconds, and a force of 1.0 N (60.5 N) was measured at the longest stress duration of 60 seconds. The numeric determination of the material parameters showed bilinear behavior with a median value of the first Young's modulus between 0.06 MPa (2 seconds) and 0.04 MPa (60 seconds), and the second Young's modulus between 0.30 MPa (10 seconds) and 0.20 MPa (60 seconds). The ultimate strain marking the transition from the first to the second Young's modulus remained almost unchanged with a median value of 6.0% for all loading times. Conclusion: A combined experimental-numeric analysis is suitable for determining the material properties of the PDL. Microcomputed tomography allows high-precision recordings with only minimum effort. This study confirms the assumption of time dependency and nonlinearity of previous studies. (Am J Orthod Dentofacial Orthop 2018;153:97-107) 
T he periodontal ligament (PDL), a complex, fibrous biologic connective tissue, is responsible for cushioning and transmitting all forces that affect the teeth and their surrounding bones. Consequently, it has an important influence on tooth movement. In the stomatognathic system, the PDL transfers the forces into the alveolar bone that act on the teeth. The resulting change in position of the tooth in the alveolus generates pressure as well as tensile areas. In the pressure areas, the periodontal fibers are compressed, resulting in bone resorption; in the tensile areas, the fibers are outstretched, finally resulting in bone apposition. Reitan 1 and Reitan and Kvam 2 divided tooth movement into 3 phases (initial phase, hyalinization, and resorption). According to them, tooth movement starts with an initial cushioning that deflects the tooth and compresses the PDL.
The initial cushioning that occurs with subliminal forces can be reduced to a variety of mechanisms: the elasticity of dental hard tissue, the elastic deformation of the alveolar bone, the initial extension of desmodontal fibers, and the hydrodynamic cushioning through desmodontal tissue fluid (with the desmodont as the connective part of the PDL between bone and tooth). 3, 4 During this phase, the desmodontal circulation stays intact, and the reactions of the periodontium are reversible.
Due to its complex multiphase structure, the PDL shows distinct time-dependency, nonlinearity, and anisotropy. The inconsistent results of previous studies concerning biomechanical behavior can be explained by a number of factors, including differing experimental setups with varying loading velocities, the complexity of involved tissues, and different assumptions about the mechanical properties of the PDL. This led to values for Young's modulus ranging from 0.07 MPa 5 to 1379 MPa. 6 In this study, a combined experimental and numeric approach was used to analyze the timedependent behavior of the PDL using samples of Fig 1. A, Schematic diagram of the mobility measurement system. The sample (tooth and surrounding bone) is loaded with a force/torque sensor, and the resulting deflection is measured with 3 surface sensors (position sensitive detectors 1, 2, and 3). 7 B, Photo of the optoelectronic and mechanical part of the measurement system with the installed pig specimen immediately before loading of the sample. porcine jawbone. Finite element (FE) models were generated to determine the material parameters (Young's modulus, Poisson's ratio) of the PDL by comparing experiment and simulation. The aim of this study was to complement or complete previous results on the biomechanical behavior of the PDL by increasing the range of loading velocities in previous studies and verifying the material parameters.
MATERIAL AND METHODS
Specimens from domestic pigs were used to determine the time-dependent behavior of the PDL. Porcine jawbones were provided by a butcher's shop immediately after slaughtering. The pigs were aged between 4 and 6 months; thus the roots of their milk teeth were fully developed. For the examination of deciduous premolars, 2-dimensional x-rays were taken to preselect samples by the resorption of their roots. Subsequently, 10 of 14 samples could be used, were embedded in resin (Technovit 4004; Heraeus Kulzer, Hanau, Germany), and subsequently prepared for measurement in the previously described mobility measurement system. 7 This measurement system (Fig 1) is an optomechanical setup, consisting of an optoelectronical part (Fig 2) for the noninvasive measurement of tooth displacement and a mechanical part for the application of forces and torques. 7 The laser cube of the optical registration system is fixed in the tooth's crown by drilling a hole in the crown and inserting a thread rod. The specimen is rigidly fixed in the setup so that the laser beams are pointing at the center of the position sensitive devices (Fig 2) .
Once installed on the measurement system, the crown of the sample was deflected by 0.2 mm by applying a force from vestibular. Each sample was loaded repeatedly at time intervals of 0.2, 0.5, 1, 2, 5, 10, and 60 seconds with intermediate relaxation times of at least 5 minutes. The deflection of the teeth was assessed by the laser optical system, and the resulting forces and torques were measured.
After experimentation, the samples were x-rayed 3 dimensionally with a microcomputed tomography scanner (model 1174; Skyscan, Kontich, Belgium) to construct FE models. Using the microcomputed tomography scans, the possible prevalence of root resorption could be detected, and 2 additional samples had to be excluded from the numeric analyses. Using the self-developed reconstruction program Advanced Object Reconstruction in 3D, the structures of tooth, PDL, and bone were identified and reconstructed in subsequent layers of the 3-dimensional data sets and connected to compose 3-dimensional surface models. 8 These models were then refined using the Remesh 2 software (Marco Attene, MATI-GE/CNR) and converted into FE volume models using the 2010 FE software (MSC Software, Newport Beach, Calif). Respective material parameters as presented in Table I were assigned to the structures of tooth, PDL, and bone. Various authors have shown that the subdivision of the tooth into enamel and dentin, as well as the subdivision of the bone into spongious and cortical, only have a negligible influence on numeric results. 9, 10 Consequently, bone and tooth were defined as isotropic, homogeneous, and linear elastic material. A sketch of the whole procedure of the study is presented in Figure 3 .
Previous studies already have shown the bilinear behavior of the PDL. 11, 12 Taking this into account, we determined the Young's moduli by an iterative parameter adjustment: the force/deflection diagrams of the numeric simulations were compared with the respective experimental curves and adjusted to them by variation of Young's moduli and ultimate strain until a good accordance of numeric and experimental data was achieved. Figure 4 presents such an approximations for specimen 4 at 2, 10, and 60 seconds loading times. A good correlation of the fits is obvious. From the 8 samples that did not show root resorption, 2 more had to be excluded from the analysis because numeric instabilities in the models did not allow performing a proper fit of numeric and experimental curves. These numeric instabilities occur when, for example, the furcation seems to be quite narrow, and elements are generated that cause convergence problems of the nonlinear solver. A third specimen had to be excluded because it showed inconsistent experimental results, due to either drying or dental calculus in the periodontal space. These issues are discussed in detail below. Figure 5 shows mean values and standard deviations of the maximum measured forces of all 5 fully (experimentally and numerically) examined samples. Although the simulations did not reach the maximum deflection of 0.2 mm in all cases, the maximum forces from the numeric part could be assessed through extrapolation, since the calculated curves were placed inside the linear segment of the second Young's modulus. The shortest stress duration of 0.2 seconds displayed maximum forces between 1.0 and 4.6 N with a mean value of 2.6 N (61.5 N) and extrapolated forces between 1.0 and Schematic representation of the experimental procedure. The porcine jawbone specimens were loaded in the measurement system. The surface sensors measured the resulting deflection, whereas a force/torque sensor measured resulting forces and torques. The data were then transferred to a personal computer, and force/deflection diagrams were created. The specimens were scanned using microcomputed tomography to generate FE models. The results of numeric simulations were adjusted to the experimental results by varying the material parameters (modified according to the method of Ziegler et al 23 , with permission). MOMS, Mobility measurement system.
RESULTS
4.6 N with a mean value of 2.6 N (61.5 N). A loading time of 60 seconds (longest) showed maximum forces between 0.6 and 1.6 N with a mean value of 1.0 N (60.5 N). The extrapolated forces ranged from 0.5 to 1.6 N with a mean value of 1.1 N (60.5 N). This clearly points to a correlation between loading time (or velocity) and maximum force: the higher the loading velocity, the higher the measured force.
The calculated material parameters (E 1 , E 2 , and ε 12 ) of those samples that showed bilinear behavior of the PDL, as well as their median values and variances, are collected in Table II . A linear force/ displacement relationship was measured in loading times shorter than 2 seconds due to restrictions of the setup. The reaction time of the positionsensitive detectors (an element of the optoelectronic part) and the following data collection are not fast enough for the short stress durations. The corresponding material parameters (E 1 ) are depicted in Table III . The results for samples 10 and 13 at a loading time of 2 seconds and for sample 10 at a loading time of 60 seconds could not be evaluated because of numeric instabilities.
Figures 6-9 illustrate the median values and variances of the material parameters of the 5 fully examined samples. On the basis of the measured bilinear behavior at loading times above 2 seconds, 2 Young's moduli (E 1 , E 2 ) and Poisson's ratio (ε 12 ) were assessed. The diagram for E 1 (Fig 6) shows a relationship between loading time and Young's modulus. Here, the medians for E 1 were determined to be 0.06 MPa (60.02 MPa) at 2 seconds and 0.04 MPa (60.01 MPa) at 60 seconds loading times: The higher the loading velocity, the higher the corresponding Young's modulus.
This correlation cannot be identified that clearly in the E 2 diagram (Fig 7, A) . The reason for this unclear relationship can be seen in Figure 7 , B. Obviously, specimen 10 displayed relatively high forces-ie, had high Young's moduli. But at the same time, numeric instabilities did not allow determination of values for loading times of 2 and 60 seconds. As a result, median values for Young's moduli at 5 and 10 seconds are enhanced, compared with 2 and 60 seconds. There was no obvious correlation between loading time and the ultimate strain ε 12 (Fig 8) . Figure 9 displays the notch boxes of the determined linear Young's modulus E at loading times of 0.2, 0.5, and 1 seconds together with E 2 of the longer loading times. The timedependant behavior with higher Young's modulus at short loading times and decreasing values with increasing loading times is shown quite clearly.
DISCUSSION
Since pigs and humans are both omnivores, they have clear similarities regarding their root geometry as well as structure and mechanical behavior of the PDL. 13 Among other things, human and porcine PDLs have an hourglass-shaped geometry. Width and shape of the PDL have a crucial influence on material properties. Studies using FE models showed that there are significant differences in stress values between PDLs with a consistent width and those with a natural hourglass shape. 12 The tooth shape, on the other hand, has only minor importance for initial tooth movement. 14, 15 Between the measurements, the specimens were wrapped in cellulose, soaked in physiologic salt solution, and refrozen to prevent drying. The process of freezing and slowly thawing (before measurement was started) did not have a significant influence on the biomechanical behavior of the PDLs. 16, 17 Furthermore, intraoral force measurements 18 and subsequent FE simulations 19, 20 to determine the timedependent constitutional behavior of the PDL in vivo did not show relevant differences when compared with in-vitro results. The measurement system used in this study was developed by Hinterkausen et al. 7 It is a highprecision measurement setup for measuring tooth mobility under application of orthodontic force systems. Tooth deflections up to 0.2 mm and 2 are observed in initial tooth mobility under application of orthodontic force systems. Thus, the authors assumed resolution and accuracy of 10 mm and 0.1 for the measurement of tooth movement, as well 0.1 N and 1.0 Nmm for the force system to be sufficient to determine accurate force/deflection curves. The setup used in this study meets these requirements (resolution, 0.1 mm; measurement error, \1%). The low weight of the laser cube (\20 g) can prevent both initial deflection of the tooth and limited mobility. With short loading times (\1 second), however, only the force at maximum deflection could be measured, due to technical restrictions of the force/ torque sensor and subsequent data acquisition. Consequently, only linear behavior could be fitted in these cases to determine the material parameters at higher velocities. Thus, we intend to further improve the measurement system for measurements with shorter loading times.
Using a microcomputed tomography scanner, Rodrigues et al 21 in 2009 constructed FE models and compared the dimensions to those of tooth crowns measured with digital calipers. The results showed a maximum deviation of less than 0.1% between tooth and FE model, therefore proving the microcomputed tomography data to be suitable for the construction of realistic FE models. The scanner used by Rodrigues et al had a similar resolution to that of the scanner we used in this study.
Alternatively, specimens can be processed histologically and digitized with a camera. This procedure, however, leads to kerf loss (loss of material by cutting through the specimen) in every layer. Authors of previous studies indicated a kerf loss of approximately 200 mm in a layer thickness of 300 mm. 9, 22, 23 Reducing the layer thickness would lead to an increased fracture rate. 24 Thus, high-resolution computer tomographs have obvious advantages compared with the histologic process. They are more independent from the user (risk of confusion of the histologic cuts), save time, and because of their higher resolution, are more precise.
Previous studies in which the PDL was described with only 1 Young's modulus have proven to be inaccurate. Thus, Toms and Eberhardt 12 in 2003 compared values and distribution of values within the PDL with linear and nonlinear behavior. With their 2-dimensional models, they were able to point at the distinct differences in stress values and distribution of tension. This study pursued an approximation to nonlinear behavior through a bilinear set of parameters. The iterative parameter adjustment of the numeric simulations showed good correlation with experimentally determined force/deflection diagrams. lists several studies of material parameters of the PDL chronologically under the assumption of bilinear behavior. 11, [14] [15] [16] 18, 20, [25] [26] [27] [28] The high variations of forces (up to 45%) in this and other studies, and the differing results regarding mechanical properties of the PDL, can be explained by a variety of factors. 28 In a literature study, Fill et al 28 divided these factors into 7 groups: geometric configuration of the PDL, size and shape of the tooth root, regional differences and width of the PDL, physiology (age, origin, sex), environment (dental and general health), type of stress (direction and frequency of stress), and assumed material properties such as viscoelasticity and bilinearity.
Major factors in our study resulting in a high variance were the differences in tooth root length, the position of the furcation, and the thickness and shape of the PDL. Because these factors could not be controlled completely before experimentation but only after microcomputed tomography scanning, we measured all available specimens. Consequently, several specimens generated problems during geometry reconstruction and numeric analysis. The position and shape of the furcation together with the thickness of the PDL at this position are critical factors that influence the numeric stability of the FE solution. This means that during a simulation, elements might get warped or twisted, and the simulation run will automatically be stopped because of these numeric instabilities. This means that these simulations and specimens had to be excluded from the overall analysis, since calculations did not reach the necessary deflection to determine both Young's moduli and the ultimate strain.
As has been known for some time, the PDL behaves in a nonlinear, time-dependent, and anisotropic way due to its complex, multiphase structure. The results of this study confirm this assumption, as, for example, the measured force increases with decreasing loading time (increasing loading velocity). This can be explained by the viscoelastic characteristics of the tissue.
In addition to collagenous and oxytalan-like fibers, the PDL consists of cells, ground substance, vessels, and nerves. 29 The liquid portion (blood, lymph, and interstitial fluid) is incompressible, leading to high measured forces during term loading. An increase in loading time allows blood and fluid flow into surrounding tissues and therefore decreases the measured forces. Picton and Wills 30 already described this viscoelastic behavior in 1978. Various authors have confirmed and analyzed this statement further. [31] [32] [33] [34] Tables V and VI summarize Young's modulus E 1 (Table V) and E 2 (Table VI) in chronologic order, taken from previous studies at different loading velocities. The general increase of Young's modulus at shorter loading times demonstrates the time dependency of the PDL. The bilinear material parameters assessed in this study continue results of preceding studies. In this, they match and complete the data of Papadopoulou et al 16 and Tran 27 in particular. To show the clinical relevance of the derived parameters, an FE model of a human mandibular canine from an earlier numeric study was used to calculate the time-dependant tooth displacements as well as strains and stresses in the PDL. 35 The canine had the following geometric parameters: root length, 16.0 mm; oro-vestibular diameter, 7.7 mm; and mesiodistal diameter, 4.8 mm. Typical orthodontic forces of 0.25, 0.5, and 1 N were applied in the distal direction at the position of the bracket on the tooth's crown. Table VII lists the displacements at the point of force application for the different material parameters (bilinear from Table II and linear from Table III) together with the maximum resulting strains and stresses in the periodontal space (located at the apex or alveolar crest). Obviously, all tooth displacements at the bracket position are small compared with the width of the periodontal space (around 0.2 mm). Thus, even with the lowest material parameters at 60 seconds, it can be assumed that the PDL is not completely compressed; this is underlined by maximum strains of 22% (1 N, loading time 10 seconds). Interestingly enough, however, is the fact that even with very low forces of 0.25 N, there is the risk that the capillary blood pressure (maximum, 15 mmHg equal to 2.0 kPa) may be exceeded due to orthodontic force application. The lowest stresses were 6.9 kPa at a loading time of 0.2 seconds, and maximum stresses reached values above 40 kPa, which is 20 times greater than the capillary blood pressure. These results again underline that orthodontic forces should be as low as possible.
CONCLUSIONS
The clinically observed effect of a distinct increase in force at very short loading times could be confirmed in this experimental/numeric investigation. This study covered the spectrum from initial tooth mobility to virtually static behavior. In the process, the assessed material parameters supported and complemented results of preceding studies. To enable iterative parameter adjustment for all velocity ranges, the measurement frequency of the setup used to register forces and movements must be improved further with regard to the ranges of higher velocities. 
